A thin silicon dioxide (SiO 2 ) layer coating on the surfaces of 150 and 300-nm BaTiO 3 particles was applied by a hydrothermal hydrolysis method. Sodium silicate (Na 2 SiO 3 ) was used as a raw material, and the concentration, temperature, and pH were controlled. The surface-treated BaTiO 3 particles were dried at 120°C and fired at 650°C for 30 min. The thickness of the coated layer was about 4.52 nm, and the layers were homogenously coated onto the BaTiO 3 particles. The structure and morphology of the coated layers were analyzed by XRD, FE-SEM, TEM, and EDX.
Introduction
Barium titanate (BaTiO 3 ) has been widely utilized, and is the most important dielectric material for multi-layer ceramic capacitors (MLCCs). MLCCs are composed of multi-layer ceramic sheets produced by green sheet technology. Additives such as SiO 2 6) and ZnO 7) are the key materials for MLCCs. Small amounts of additives are added to increase the adhesive strength between the multi-layer ceramic sheets, and also to improve the electrical properties such as the dielectric constant and temperature coefficient capacitance of MLCCs.
The miniaturization of electronic components has been in great demand. Therefore, thicknesses under 10¯m of the multi-layer green sheets including the small additives have been required for MLCCs. In addition, reliability has become a very important factor. In order to produce small chips, mixing processes with small amounts of oxide additives and BaTiO 3 particles have been widely used for MLCC production. 8)10) However, it has been very difficult to achieve the uniform dispersion of small amounts of additives in thin ceramic sheets using these processes.
To solve these problems, coating technology has been employed to obtain coreshell-like structures with oxide additives on BaTiO 3 particles. Coating technology will produce uniform properties regarding particle size and morphology, even after sintering processes, because the coating layer suppresses the grain growth during the firing process. Solgel method 11) is a familiar coating technology, but this method is very sensitive to the experimental conditions, and the raw material is expensive due to the use of alkoxide.
Hydrothermal hydrolysis method 12) is one coating process that has merits of low cost, because organic solvent is not used. Also, the coating conditions are easily controlled by pH and temperature.
In this paper, a thin SiO 2 layer coating on BaTiO 3 particles obtained using sodium silicate as a raw material was produced by a hydrothermal hydrolysis method. The sodium silica is used as a sintering aid, and the silica coating positively influences the sintering behavior of BaTiO 3 .
Experimental
Two different kinds of BaTiO 3 particles were used as core materials. One was 300-nm BaTiO 3 obtained from Samsung Fine Chemicals (Korea), and the other was 150-nm BaTiO 3 obtained from Kyoritsu materials (Japan). The 300-nm BaTiO 3 particles were used for observing the crystallinity of the coating material and the change of particle size, and the 150-nm BaTiO 3 particles were used for observing the features of the coating material on BaTiO 3 particles. 100 g of BaTiO 3 particles were mixed with 2 liters of diluted water, and then well-mixed BaTiO 3 particles and diluted water (slurry 1) were heated to 80°C. The sodium hydroxide solution was added to slurry 1 to increase the pH (slurry 2). Then, 5 wt % sodium silicate was added into slurry 2, which was heated for 1 h (slurry 3). The addition of the sodium silicate caused the pH to change, so hydrochloric acid was cyclically added to slurry 3 to keep the pH between 6 and 8 (slurry 4). Table 1 shows a summary of the slurries. The reaction process is as follows:
After mixing slurry 4 for 30 min, it was washed in diluted water. To obtain the particles, the slurry was dried at 125°C for 10 h. The particles obtained were fired at 650°C for 30 min in air, and then SiO 2 -coated BaTiO 3 particles were obtained. The reaction process is as follows:
The particles obtained were analyzed by X-ray diffraction (12k-XRD, RIGAKU) with a scanning range of 1090°and a speed of 4°/min. The particle morphology and particle size were observed using a field emission scanning electron microscope (FESEM-JSM6700F, JEOL). The thickness and composition of the thin film were observed by transmission electron microscopy (TecnaiG2 F20 S-Twin/FEI). Figure 1 shows the XRD patterns of the dried particles and fired particles at 125 and 650°C. Figure 1(a) shows the XRD patterns of the 150-nm BaTiO 3 particles subjected to heat-treatment. The diffraction peaks agreed with the patterns of BaTiO 3 (JCPDS 05-0626), and SiO 2 peaks were not found. Figure 1(b) shows the XRD patterns of the 300-nm BaTiO 3 particles subjected to heat-treatment. The XRD pattern shows the same results as those of the 150-nm BaTiO 3 particles subjected to heat-treatment. It is confirmed that the SiO 2 -coating layer on the BaTiO 3 particles is composed of an amorphous layer regardless of the BaTiO 3 particle sizes. Figure 2 shows the FE-SEM image of the 300-nm BaTiO 3 particles as received (a), after drying (b), and after firing (c). The size and morphology of the BaTiO 3 particles do not change between the three specimens. Figure 3 shows the TEM image of the SiO 2 thin film on the 150-nm BaTiO 3 particles. The 150-nm particles were used because the 300-nm BaTiO 3 particles were too large for TEM analysis. Figure 3(a) shows the difference of coating layers according to particle size. The coating on the particles is well formed regardless of particle size. As shown in the Fig. 3(b) , the BaTiO 3 particles represented as the dark part and the SiO 2 thin film as the translucent part consist of a core and a shell. The adhesion between the core (BaTiO 3 ) and the shell (SiO 2 thin film) is excellent, and the average thickness of the thin film is about 4.52 nm. The SiO 2 thin film is uniformly coated onto the BaTiO 3 particles. Figure 4 shows an SEM image and the EDX analysis of the 150-nm BaTiO 3 particles with SiO 2 thin film. From the EDX analysis, it is confirmed that the particles consist of Ba, Ti, Si, and O, though it is not confirmed whether or not the particles have the SiO 2 thin layer due to the low magnification of the SEM image. Impurities such as sodium, which could remain after the coating process, could not be found. Figure 5 shows a TEM image and the EDX analysis of the coated 150-nm BaTiO 3 particles. The EDX analysis was conducted in 2 kinds of areas. Area 1 is at the center of the BaTiO 3 particle, and area 2 is at the edge of the BaTiO 3 particle. As shown in Fig. 5 , the peaks of Ba, Ti, O, and Si were detected in all areas. Also, the edge part (shell) of the particle shows a strong Si peak, in contrast to the center part (core) of the particles. The difference of these peaks means that the amounts of Ba, Ti, and O in the center part are higher than those in the edge part. Figure 6 shows the line scan analysis of the coated 150-nm BaTiO 3 particles. The figure confirms that the SiO 2 film on the BaTiO 3 particles is homogenous, except at the A and B parts of the line scan. The reason for the increased Si content in A is that the contents of Ba, Ti, and O in the center part (core) are higher than those in the edge part (shell), as noted before. Also, the Si amount increased in the B part of the line scan, because the small BaTiO 3 particles were overlapped in the scanned BaTiO 3 particles.
Results and discussion

Conclusion
SiO 2 thin film was coated onto BaTiO 3 particles by a hydrothermal hydrolysis method. The SiO 2 thin film on the BaTiO 3 particles was not crystallized and was amorphous. It was confirmed that the surface of the coated BaTiO 3 particles consisted of Ba, Ti, O, and Si in the EDX analysis. It was proven that the SiO 2 thin film was homogenously distributed on the BaTiO 3 particles by the line scan analysis. The SiO 2 thin film was confirmed by TEM analysis to be less than 5 nm with very high uniformity. It is expected that the high uniformity is attributable to the hydrothermal hydrolysis method.
